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Abstract. In this work, we investigated the hot-electron dynamics of AlGaN/GaN HEMT structures grown
by MOCVD on sapphire and SiC substrates at 80 K. High-speed current-voltage measurements and Hall
measurements over the temperature range 27–300 K were used to study hot-electron dynamics. At low
ﬁelds, drift velocity increases linearly, but deviates from the linearity toward high electric ﬁelds. Drift
velocities are deduced as approximately 6.55 × 106 and 6.60 × 106 cm/s at an electric ﬁeld of around
E ∼ 25 kV/cm for samples grown on sapphire and SiC, respectively. To obtain the electron temperature
as a function of the applied electric ﬁeld and power loss as a function of the electron temperature, we
used the so-called mobility comparison method with power balance equations. Although their low ﬁeld
carrier transport properties are similar as observed from Hall measurements, hot carrier energy dissipation
diﬀers for samples grown on sapphire and SiC substrates. We found that LO-phonon lifetimes are 0.50 ps
and 0.32 ps for sapphire and SiC substrates, respectively. A long hot-phonon lifetime results in large non-
equilibrium hot phonons. Non-equilibrium hot phonons slow energy relaxation and increase the momentum
relaxation. The eﬀective energy relaxation times at high ﬁelds are 24 and 65 ps for samples grown on
sapphire and SiC substrates, respectively. They increase as the electron temperature decreases.
1 Introduction
Nitride compound semiconductors (III-V) are very attrac-
tive for high-power, high-frequency, and high-temperature
electronics due to their larger bandgap, high breakdown
ﬁeld, and high spontaneous and piezoelectric polarization
[1–5]. These advantages support the formation of high-
power FETs and high electron mobility transistor (HEMT)
structures with two-dimensional electron gas (2DEG)
exceeding 1013 cm−2 carrier density without doping [6].
When high-power FETs are subjected to an electric ﬁeld
that is applied in a plane of electron conﬁnement, its op-
eration critically depends on the hot-electron transport
and the power dissipation controlled by the hot-electron
temperature. The latter depends on the supplied elec-
tric power; this dependence can be treated in terms of
the hot-electron energy relaxation time [7]. Knowledge of
the relaxation time is a perquisite for FET engineering.
Hot-electron eﬀects are determined by electron-phonon
interaction mechanisms and can provide valuable infor-
mation about the nature of transport properties of elec-
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tronic systems of modern semiconductors [8]. The hot-
electron transport in nitrides has been studied using dif-
ferent electronic and optical based techniques: Microwave
noise [9–13], Shubnikov-de Haas magnetoresistance
[14–16], and Pumb-probe Raman spectroscopy [17–19].
The dependence of the electron energy relaxation time
on the electric ﬁeld has revealed the transition from
acoustic to polar optical phonon controlled electron energy
dissipation [20,21] and hot-phonon eﬀects [22,23]. From
the hot-electron noise technique, the hot-phonon lifetime
was reported to be ∼0.5 ps for AlN/GaN 2DEG channels
at 80 K [10] and ∼0.36 ps for AlGaN/AlN/GaN at room
temperature [11]. A comparable value of 0.29 ps was re-
ported from the time-resolved pump-probe optical exper-
iment for bulk GaN [24] at room temperature. For the
GaN 2DEG channels, the phonon lifetime is 0.35 ± 0.1 ps
at 373 K using microwave noise technique [25], 0.38 ps
at room temperature with time-resolved experiments [26],
and 0.45 ± 0.2 ps at 293 K [12] using microwave noise
technique. The Raman pump-probe experiment on GaN
has been reported to lead to a similar value of 0.35 ps at
an electron density of 2 × 1019 cm−3, which is compara-
ble to that which is typical for the 2DEG channels [27].
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The lifetime increases as the electron density decreases
[27]. We should note that no systematic dependence of the
lifetime on the hot-electron temperature has been found
[12,28]. For the energy relaxation time the shortest re-
laxation time of 0.2 ps was reported using a femtosec-
ond pump-probe technique [29]. At ns = 1.5× 1013 cm−2,
which is the two-dimensional electron density in GaN/
AlGaN HEMT structures, relaxation time was found to
be 0.7 ps at 77 K [30]. The dependence of phonon lifetime
and energy relaxation times of AlGaN/GaN HEMT on
substrate was solely studied [31]. Danilchenko et al. inves-
tigated energy dissipation comparatively in samples grown
on sapphire and 4H-SiC substrates. In the case of sapphire
substrate, the dissipation was described by the emission
of optical phonons with an energy of 90 meV and a re-
laxation time of 25 fs. In the case of SiC substrate, it has
been reported that both activation energy and relaxation
time exceed the values characteristic of the electron-LO-
phonon dissipation process. Buﬀer leakage currents and
overheating of 2DEG were considered as the possible rea-
sons responsible for the observed results.
Despite these successful results reported in the litera-
ture, hot-electron relaxation time studies pursue the un-
derstanding of the transport properties at the high ﬁeld
and the determination of the dominant scattering mecha-
nisms for device performance in AlGaN/AlN/GaN 2DEG
channel structures as both experimentally and theoreti-
cally. In the present work, a relatively simple method so-
called mobility comparison technique together with the
power balance conditions as described by Balkan et al. [30]
is used to obtain the electron temperatures as a function
of an applied electric ﬁeld and the electron energy loss rate
as a function of the electron temperature. We then com-
pare our calculations for AlGaN/GaN HEMT structures
grown by MOCVD on sapphire and SiC substrates and
assess the diﬀerences arising due to varying substrate.
2 Experimental details and results
2.1 Hall measurements
AlGaN/AlN/GaN samples were grown using MOCVD on
sapphire and 6H-SiC substrates. Both structures were
grown at nearly similar conditions with almost the same
structure and growth parameters. Before initiating the
epitaxial growth, substrates were subjected to a heat
process under a nitrogen environment at 1100 ◦C in or-
der to clean oxides on the surface for 10 min. The growth
process started with the growth of a ∼15 nm thick low
temperature (650 ◦C) AlN accumulation layer. A 0.5 μm
thick AlN buﬀer layer was grown at 1150 ◦C. A ∼2 μm
thick undoped GaN template layer was grown at 1050 ◦C.
To reduce the penetration of the electron wave function
to the barrier layer and hence alloy scattering, an ap-
proximately 1.2 nm thick AlN spacer layer was grown at
1150 ◦C. Then, an AlGaN barrier layer of ∼20 nm thick
was grown over the spacer layer at 1050 ◦C. The growth
process was ﬁnished with a ∼3 nm thick GaN cap layer at
1050 ◦C.
Hall measurements were carried out using Van der
Pauw geometry. Indium was annealed onto both samples
to provide ohmic contacts. During the Hall measurements,
current supply through the sample was deliberately kept
low to ensure ohmic conditions; hence, the 2DEG was in
thermal equilibrium with the lattice. The Hall measure-
ments were performed at temperatures between 30 and
300 K using a variable temperature cryostat and electro-
magnet assembly for both samples.
Figure 1 shows the temperature-dependent Hall mobil-
ities and electron density of the AlGaN/GaN heterostruc-
tures grown on sapphire and SiC. In case of the sample
grown on sapphire, Hall mobility is μ = 12188 cm2/(V s)
and the two-dimensional electron density is 7.59 × 1012
cm−2 at T = 30 K. While the Hall mobility decreases
with temperatures up to 1699 cm2/(V s) at 300 K elec-
tron density remains constant up to 130 K and then in-
creases to 8.44× 1012 cm−2 at 300 K. The increase in the
carrier density at high temperatures is probably due to
the temperature-induced thermal excitation of impurities
in bulk GaN and AlGaN barrier layer. These tempera-
ture behaviors of 2DEG sheet densities imply that the
conduction is dominated nearly exclusively by the carri-
ers at the AlN/GaN heterointerfaces [32]. In case of the
sample being grown on SiC substrate, the Hall mobility
is measured μ = 11176 cm2/V s at 30 K. It decreases
down to μ = 1830 cm2/V s at room temperature. The car-
rier density has no temperature dependence that is con-
stant to an approximate value of 6 × 1012 cm−2. Sheet
resistivities were obtained as 85 Ω/sq and 112 Ω/sq at
80 K for the samples grown on sapphire and 6H-SiC sub-
strates, respectively. These values suggest that our sam-
ples had good crystalline quality. Since Hall data could not
be produced above 300 K due to limitation of the exper-
imental setup, possible mobility values were deduced by
applying a theoretical ﬁt which included main scattering
processes, such as acoustic and optical phonon scatter-
ing, interface roughness, background impurity and alloy
scatterings. These data were used to extract the electron
temperature in moblity comparison method. As seen in
the ﬁgure the excellent agreement of the theoretical and
experimental mobility data below room temperature en-
courages us to use the expected mobility values at tem-
peratures above 300 K.
2.2 I-V measurements
For pulsed I-V measurements, a simple bar geometry with
length L = 48μm and width w = 5μm was used. Short
bias pulses were applied to minimize Joule heating.
In these measurements, voltage pulses of 400 ns duration
were applied along the length of the sample up to a max-
imum electric ﬁeld of F = 25 kV cm−1. Both the applied
voltage and current through the sample were measured
using a 500 MHz oscilloscope.
Figure 2 shows the electron drift velocity-electric ﬁeld
characteristics for AlGaN/GaN heterostructures grown on
sapphire and 6H-SiC at 80 K. Electric ﬁeld and drift veloc-
ity are calculated from the current-voltage characteristics.
30102-p2
A. Ilgaz et al.: Energy relaxations of hot electrons in AlGaN/AlN/GaN heterostructures grown by MOCVD
Fig. 1. (Color online) Two-dimensional electron density and
Hall mobility versus temperature. Open circles show Hall mo-
bility and open triangles show electron density for AlGaN/GaN
heterostructures grown on sapphire. The ﬁlled reverse triangles
show Hall mobility and the open reverse triangles show the
two-dimensional electron density for AlGaN/GaN heterostruc-
tures grown on SiC. The line and dashed line are the calculated
data using Matthiessen’s rule theoretically for samples grown
on sapphire and SiC substrates, respectively.
At low ﬁelds, the drift velocity exhibits linear behavior,
but at higher ﬁelds (>3 kV) it deviates from linearity.
When the eﬀect of Joule heating is minimized through
the application of nanosecond pulses of voltage, no
velocity saturation is reached at ﬁelds up to 25 kV/cm.
The estimated drift velocity is near 6.55 × 106 cm/s and
6.60×106 cm/s at approximately 25 kV/cm for the sample
grown on sapphire and SiC substrates, respectively.
3 Mobility comparison method
In the present work, we investigated and compared the
hot-electron dynamics of AlGaN/GaN HEMT structures
grown by MOCVD on sapphire and SiC substrates using
the mobility comparison method with power balance equa-
tions. This method was also successfully used for GaAs
[33,34], bulk GaN [35,36], and two-dimensional AlGaN
HEMT structures [30]. It involves the measurement of
both the electric ﬁeld dependence of the mobility (μE)
at a ﬁxed lattice temperature, and the lattice tempera-
ture dependence of the mobility at a ﬁxed low electric
ﬁeld. The two sets of results are then normalized with re-
spect to low-ﬁeld mobility and low-temperature mobility,
respectively. By comparing the two plots, it is possible
to obtain the electron temperature as a function of the
electric ﬁeld.
Figure 3 shows the plots of the normalized mobility
values versus lattice temperature and electric ﬁeld for both
samples. In Figure 4, the electron temperatures obtained
Fig. 2. (Color online) Drift velocity-electric ﬁeld characteris-
tics for the sample grown on sapphire (◦) and SiC () sub-
strates at diﬀerent ambient temperatures.
from the mobility comparison method by comparing the
two plots for the AlGaN/GaN heterostructures grown on
sapphire (B556) and SiC (B1682) substrates are shown.
Because of the absence of Hall data above 300 K, Hall
mobility versus the temperature data calculated with
Matthiessen’s rule was used to take into account the dom-
inant scattering mechanisms theoretically. As seen in the
ﬁgure the electron temperatures increase at two diﬀerent
rates. They increase gradually up to the electric ﬁeld of
3 kV/cm and then monotonically above this ﬁeld for both
samples. Besides, the rate of increase in electron tempera-
ture for sample grown on SiC substrate is larger than that
of sample grown on sapphire substrate. While the electron
temperatures for both samples are close to each other at
low electric ﬁeld, they diﬀer in larger extent at high ﬁelds.
It is noteworthy that the accuracy of the mobility com-
parison method assumes that
(1) the carrier density does not change with the ﬁeld;
(2) the e-e scattering rate thermalizes the hot electrons
among themselves, hence the non-equilibrium electron
distribution can be represented by an electron temper-
ature that is greater than the lattice temperature;
(3) the dependence of the momentum relaxation on elec-
tron temperature (electric ﬁeld) is identical to its de-
pendence on the lattice temperature. The variation of
the low-ﬁeld mobility with the lattice temperature, in
the LO-phonon regime, involves the emission and ab-
sorption of LO phonons randomly distributed in the k
space with the electrons and phonons in thermal equi-
librium with the lattice, i.e., Te = Tp = TL (Tp is the
‘phonon’ temperature).
Therefore, the following conditions must hold:
(i) at high ﬁelds, non-equilibrium phonons must exist;
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Fig. 3. (Color online) Field-dependent electron mobility at TL = 80 K normalized with respect to the ohmic mobility, and the
temperature-dependent mobility normalized with respect to the ohmic mobility for samples grown on (a) sapphire (B556) and
(b) SiC (B1682) substrates, respectively.
Fig. 4. (Color online) Electron temperature versus the elec-
tric ﬁeld for the sample grown on sapphire (◦) and SiC ()
substrates.
(ii) the characteristic temperature of the hot phonons must
be close to the electron temperature and
(iii) the hot-phonon distribution at high ﬁelds should be
randomized in k space, as it is at low ﬁelds.
If any of these conditions is not satisﬁed, the electron
temperatures and hence the energy relaxation rates ob-
tained from the mobility comparison experiment will be
wrong.
In the steady state, the input power is equal to the
power loss to the lattice through scattering processes.
Therefore, electron energy loss mechanisms and rates
can be determined from the electron temperature depen-
dence of the power loss using the power balance
equations [37]:
p = eμE2, (1)
where μ is the mobility at electric ﬁeld E. At high electric
ﬁelds the electrons relax emitting LO phonons and thus
reduce in energy and momentum. An expression for the
power loss due to optical phonon emission and absorption
can be written in the form:
p =
ω
τ0
(
exp
(
− ω
kTe
)
− exp
(
− ω
kTL
))
, (2)
where τ0 is the time constant for the e-LO interaction:
τ0 =
[
e2ω
2π
(
m∗
2ω
)1/2( 1
ε∞
− 1
εs
)]−1
, (3)
where ε∞, εs are the high frequency and static permittiv-
ities, and ω is the LO-phonon energy. Taking for GaN
m∗ = 0.22m0, ε∞ = 5.35ε0, εs = 9.7ε0 and the e-LO-
phonon energy ω = 92 meV, we ﬁnd the scattering time
τ0 = 8 fs. The e-LO phonon scattering time constant τ0
is replaced by the eﬀective energy relaxation time, τeﬀ ,
which takes into account all the hot-phonon eﬀects:
p =
ω
τeﬀ
(
exp
(
− ω
kTe
)
− exp
(
− ω
kTL
))
. (4)
In the high-temperature regime, an expression for the power
loss due to acoustic phonon emission can be expressed [35]:
p = (Cnp + Cp) (kTe − kTL) , (5)
where
Cnp =
3Ξ2m∗
2
2ρ3Lz
(6)
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Fig. 5. (Color online) Power loss per electron versus an electron temperature at 80 K lattice temperature for the samples grown
on (a) sapphire substrate and (b) SiC substrate. Circles: Experimental power loss per electron. Gray: Theoretical power loss
obtained from equation (2). Green: Theoretical power loss obtained from equation (4). Pink: Theoretical power loss via acoustic
phonon emission. Line: Theoretical power loss per electron via acoustic phonons and optical phonons.
and
Cp =
3e2K2avm
∗2V 2s
4πε3LzN2D
(7)
are the magnitudes of the deformation potential and piezo-
electric interactions, respectively. Here, Ξ is the acoustic
deformation potential, ρ is the density, Lz quantum is the
well width, Vs is the speed of sound in the material, and
Kav is the average electromechanical coupling constant.
Taking for GaN Ξ = 8.3 eV, ρ = 6.15 × 10−3 kg/m3,
Lz = 65 A˚, Vs = 2.16 × 103 m/s, K2av = 0.039.
Power loss per electron versus the electron temperature
of the AlGaN/GaN heterostructures grown on sapphire
and SiC substrates is plotted in Figure 5. The acoustic
phonon emission seemed to be ineﬀective in the energy
relaxation processes over all ﬁelds. Theoretical power loss
which does not include the hot-phonon eﬀects (Eq. (2))
does not ﬁt our experimental data. Due to disagreement
between our experimental results we used equation (4)
which takes into account the non-drifting hot-phonon
eﬀects. This indicates that the optical phonon scattering
arising hot-phonon production is the dominant energy loss
mechanism at high electron temperatures. The solid line
represents theoretical power loss per electron via acoustic
phonons and optical phonons which include hot-phonon
eﬀects. Excellent agreement is satisﬁed specially at high
ﬁelds. As seen in the ﬁgure, the experimental loss rates are
signiﬁcantly higher than the theoretically expected ones at
low electron temperatures. There is an order of magnitude
diﬀerence between theory and experiment at the electron
temperature of 100 K. The reason for the observed dis-
agreement between the experimental and the theoretical
loss rates at low electron temperatures might be the fail-
ure of one of the other assumptions made in the mobility
comparison method, or due to ineﬀectiveness of the hot-
phonon eﬀect.
4 Conclusions
We studied the hot-electron dynamics of AlGaN/GaN
HEMT structures grown by MOCVD on sapphire and
SiC substrates comparatively by the mobility compari-
son method with power balance equations. Drift veloci-
ties obtained from pulsed current-voltage measurements
are 6.55 × 106 cm/s and 6.6 × 106 cm/s at an electric
ﬁeld of around E ∼ 2.5 kV/cm at 80 K, for AlGaN/GaN
heterostructures grown epitaxially on sapphire and SiC,
respectively. Using the mobility comparison method, elec-
tron temperatures are obtained as a function of the ap-
plied electric ﬁeld and power loss rates are obtained as a
function of electron temperature. Electron temperatures
for SiC substrate are higher than those for sapphire sub-
strate. This diﬀerence might arise due to the lower ther-
mal resistance of SiC in comparison to Al2O3. The power
loss results are compared with the theoretical calculations
based on the assumption of hot-phonon production at
high ﬁelds. We have seen an agreement between
the experimental results and the theoretical calculations
toward high electron temperatures. At low electron tem-
peratures, our experimental values deviate from the theo-
retical value. In this regime other scattering mechanisms
might be responsible for this discrepancy. The mobility
comparison method works for AlGaN HEMT structures
at high electron temperatures. However, at low electron
temperatures this method is not suitable for investigat-
ing hot-electron transport. The reason for the observed
disagreement between the experimental and theoretical
loss rates might be the failure of one of the other assump-
tions made in the mobility comparison method. We also
found that the LO-phonon lifetime is 500 fs and 320 fs
for sapphire and SiC substrates, respectively. The long
hot-phonon lifetime results in large non-equilibrium hot
phonons. Non-equilibrium hot phonons slow energy
30102-p5
The European Physical Journal Applied Physics
relaxation and increase the momentum relaxation. The
eﬀective energy relaxation times at high ﬁelds are 24 and
65 ps for samples grown on sapphire and SiC substrates,
respectively. They increase as the electron temperature
decreases.
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